Design of a Proppant Hydraulic Fracture in the Judy Field by Awad, Wael & Awad, Wael
  
 
 
 
Design of a Proppant Hydraulic Fracture In The Judy Field 
Wael Sarry Awad 
Professor Martin Blunt 
Wahyu Prabowo & Zubin Jehangir 
 
Abstract 
    This paper designs a hydraulic fracture to enhance the productivity of an underperforming well in the complex Judy field. 
There are very limited records of hydraulically fractured wells in the Central North Sea so it is hoped that this paper would set 
a template for fracture jobs in compartmentalised reservoirs in the CNS. This is an integrated study which combines disciplines 
from both Reservoir and Production engineering, involving analysis from well testing, to reservoir simulation through to an 
economic analysis of a hydraulic fracture job. The results were also analysed using literature with the purpose of maintaining 
the integrity of the workflow. 
    The structure, boundary system and the well behaviour of the reservoir are unknown. It is believed that significant amounts 
of reserves remain within and around this well. However the GIIP of the “inner reservoir” (immediately surrounding the p-12 
well) and “outer reservoir” are undefined. The ultimate objective is to report the incremental gain from a single proppant 
hydraulic fracture. 
    Using a combination of results from: well testing, core and log data, material balance and reservoir simulation; three scenarios 
were hypothesised and tested.  P/Z assessment reported a HIIP range of between 21 and 28 Bscf. Pressure transient analysis 
concludes that the p-12 reservoir is producing from a channel sand of limited extent. The most likely reservoir simulation 
scenario was found to be a multi-tank model and was history matched by varying transmissibility. The GIIP is estimated to range 
between 350 and 500MMscf. Using this match, the area immediately surrounding the p-12 well could be computed and hence 
lengths of any hypothesised shapes could be found by rearranging a shape area equation, making length the subject. This, in 
conjunction with PTA can, qualitatively, aid in deciding whether the hydraulic fracture could propagate into zones which still 
hold a significant amount of hydrocarbons. The selected history match and the fracture simulator worked hand in hand to from 
a platform where ten year predictions on productivity gain are reported.  The most likely fracture half-length was 350ft using a 
proppant amount of 700,000𝑙𝑏. 
 
Introduction 
Judy field introduction  
The Judy field is located in block 30/7a in quadrant 30 of the UK North Sea 175 miles east-southeast of Aberdeen (figure 1 
a). It is a pre-cretaceous highly faulted field with Jurassic/Triassic formations containing both gas condensates and volatile oil 
compartments. The first discovery of hydrocarbons was in 1985 from the exploration well 30/7a-4a (Ashton et al., 1998). The 
field is a HPHT (high pressure high temperature) reservoir and has been developed with horizontal and vertical wells, some of 
which are cycle wells. Different PVT regions have been identified; one volatile oil region and three gas condensate regions. The 
fluid in these regions is assumed, fault block specific.  
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Figure 1 ‒ a) Field location map of the Judy field in relation to the UK. 
b) The same image magnified and shown in perspective of the Central 
North Sea (CNS). (Courtesy of ConocoPhillips 2014). 
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Lithology, structure and location of hydrocarbons in the Judy field 
The structure of the Judy field is a northwest plunging horst defined by two Rotliegendes faults. The field has been formed 
by a rotated fault block; an early cretaceous inversion of a salt evacuated graben and a Triassic/Jurrasic half Graben (Ashton et 
al., 1998). Its trap type is a 3-way tilted fault block; the source kitchen is Kimmerridge and is Heather formation based. The seal 
is of chalk formation.  The Judy field is made up of either Joanne or Judy members. Hydrocarbons come largely from two 
sections; the upper-Triassic and the middle-Triassic, both of which are located in the Skagerrak formation (Keller et al., 2005). 
In the eyes of a geologist, the Triassic stratigraphy has always held good hydrocarbon prospects, whilst the prospects in the 
Jurassic were only “probable” (Gill, 1967). It is now certain that the Jurassic stratigraphy also contains some hydrocarbons in 
place (HCIP), however this has proven to be insignificant. Recent perforations, of this well, in the Jurassic sandstone have 
delivered very low incremental gains. The reason that the Jurassic Fulmar section is volumetrically insignificant is because it is 
a very thin interval with lateral discontinuities (Goldsmith et al., 1995). Considering the Jurassic interval’s relative insignificance 
the study will focus on the Triassic section of the Judy field. 
P-12 well and its associated problems 
The p-12 well is one of 11 field producers in the Joanne sandstone section of the Skagerrak. The p-12 well was initially 
drilled to test a hanging-wall trap in the east of the Judy field. It is the only well in the Judy field, based on RFT data, to be in 
pressure isolation from the rest of the wells. It is also the only well in the field to be located on the downthrown side of the major 
northwest-southeast bounding fault (figure 2b) (Keller et al., 2005). The p-12 well is located on the eastern flank of the Judy 
field, in one of the gas condensate regions and is severely underperforming. Historical data shows a sharp reduction in rates 
before the well goes into cyclic behavior (Figure D1). The 
production time of the cycle period is often short-lived. This 
uncharacteristic behavior prompts a number of questions with 
which this paper hopes to answer. To fully appreciate the 
problem at hand; the historical production can be split into two 
parts. The first is the rapid decline seen in year 2000 and the 
second is the cyclical nature seen thereafter (Appendix D). 
These aspects have to be accounted for to explain the well 
performance.  
The reservoir deliverability, shape and distance to the 
boundary surrounding this well is unknown or very uncertain, at 
best. In addition, a larger reservoir which is suspected to be 
surrounding a smaller reservoir, in which the p-12 well resides, 
has a GIIP/OIIP that is uncertain. The latter’s reservoir HCIIP is 
also undefined. The main conclusions from seismic analysis are 
not very informative as they suffer from poor imaging and the 
faulting structure is not wholly understood. It further emphasizes 
and concludes that the Judy East flank is most probably more 
complex than the seismic studies have shown. This is due, in 
part, to the inability to pick up sub-seismic faulting. The poor performance of the p-12 well has prompted a proppant hydraulic 
fracture as a possible solution. The reasoning, for which, will be explained in subsequent sections. 
Given this, the ultimate objective of this work is to quantify the well performance and understand the benefit of the productivity 
gain from a hydraulic fracture. In doing so, we will assess whether this solution is feasible both geologically and economically 
and to report the productivity gain from such an operation. However, the context of success in the fracture job is not exclusive 
to increasing productivity of the p-12 well alone. On a broader scale, it is much more important than that. It has implications on 
furthering exploration wells in the flanks of the p-12 vicinity (JEF north) and further to the south. These are areas believed to 
hold significant amounts of hydrocarbon reserves (figure 2b). A pre-requisite to the main objective is gaining an understanding 
of the wellbore characteristics and behaviour. The gas initially in place (GIIP) of the smaller and larger surrounding reservoirs 
must also be quantified.  
 
 
Reservoir properties 
The fluid properties are highlighted in table.1. There is only one control point for this well coming from the 1996 exploration 
well which was also cored and logged. Gas water contact is at 13,630ft TVDSS in the Joanne interval. The vertical thickness of 
the reservoir can be as high as 1000ft. Unlike other Judy field wells, p-12 is unsupported by an aquifer. (Lines, 2004). An 
engineering quality control of this data has been made to confirm this claim and finds that historical production rate shows a 
water cut of 7.5%. This is unlikely to indicate a presence of an aquifer or not enough has been produced to see the effect of the 
aquifer.  
 
 
 
Figure 2 ‒  a) Location of the p-12 well is seen in a top view of the Joanne 
section of the Judy field. b) The same image is magnified to show the 
refined depth structure of the p-12 well and its surroundings. The JEF 
north and JEF south are identified with their associated reserves. 
(Courtesy of ConocoPhillips 2014) 
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 Gas properties  
  
Reservoir Conditions 
  API Condensate gravity @60F 47.2 o Original reservoir pressure 10214 psia 
Viscosity @res pressure @329F 0.07 cp Reservoir temperature  329 °F 
Initial Formation Volume Factor 4.98  - Dew point pressure  6215 psia 
Initial Gas-Oil Ratio (GOR) 4875 
𝑠𝑐𝑓
𝑏𝑏𝑙
 Well bore diameter 0.39 ft 
Condensate-Gas ratio (CGR) 205 
𝑏𝑏𝑙
𝑀𝑀𝑠𝑐𝑓
 Average Rock porosity 16 % 
Initial Z factor 1.60  - Rock permeability range 0.1 - 1000 mD 
Pressure at maximum retrograde liquid condensation 3400  psia NTG  50 % 
   Reservoir Thickness 950 ft  
   Net Pay 91.10 ft  
   Total compressibility 0.000150 psi
-1 
Table 1 : Reservoir properties of the fluid in the Judy field 
Introduction to hydraulic fracturing 
Any enhancement in productivity from a reservoir is governed by Darcy’s law for radial flow. 
Q =
k.A.∆P
μ.L
……………………………………………………………………………………………………………………… (1) 
    Hydraulic fracturing typically targets the A (Area) term by increasing this parameter and hence productivity and ultimately 
net present value.  
 
Hydraulic Fracturing Literature Review 
The first hydraulic fracturing operation took place in 1947 on the Klepper Gas Unit, Hugoton field, located in Grant County, 
Kansas. The purpose of the operation was to compare that enhancement method with an acidization treatment (Gidley, 1989).     
The first time the technique appeared to the petroleum industry, on paper, was in 1949, written by J.B. Clark. This process was 
extended to a commercial scale in 1949 and has since proved successful in increasing production from formations which were 
previously regarded as uneconomical (Coulter, 1976). Different simulations of hydraulic fracturing are well documented 
throughout the petroleum industry. The work of Warpinski et al. (1993) contributed to this documentation by comparing ten 
different hydraulic fracturing models using test data from staged field experiments. They observed that the GOHFER model 
tends to underestimate the fracture half-length and overestimate the width of the fracture.       
    The most common models used by industry are the Perkins-Kern-Nordgren (PKN) and the Geertsma-deKlerk-Daneshy 
(GDK) models (Geertsma, 1979). Two-dimensional models are available but are limited to the assumption of either a fixed 
fracture height or radial fracture propagation. (Meese, 1994). Rahim et al. (1993) concluded in experimental research that a 2D 
PKN model could be used to obtain a propped fracture length for many different reservoir situations. They also reported that 2-
D models will save computer time and speed up calculation processes. The 3D simulation, as a final run, can be performed to 
obtain greater precision and is required if the reservoir has more than 10 geologically distinct layers. In addition, 3D models do 
not require a pre-calculated value of fracture height. It relies more on the in situ stresses, in the vertical orientation, from layer 
to layer (Ben-Naceur, 1989). The GOHFER model, a grid based simulation, holds a particular advantage over other 3D models; 
it is able to model multiple fracture initiation points simultaneously, (Rahim et al. 1993). Liquid dropout experienced in gas 
condensates is extended to the fracture and acts normal to the fracture face; this is often overlooked in hydraulic fracture designs. 
Holditch (1979) showed that damage from this phenomenon is prominent for fractures less than 500ft.  
This part of the literature review will be used to decide on an appropriate hydraulic fracture simulator. It will also discuss the 
potential implications of liquid dropout on incremental gain from the fracture.   
  
Judy Field Literature Review 
Upon first drilling in 1985 and then in 1996, the DST (drill stem test) data and initial reservoir models could not capture the 
complexity of the Judy/Joanne field (Bayes & Knight, 1998). As such, the performance of the Judy field was poorer than 
expected due to an effective permeability which was lower than predicted. This decrease in effective permeability through time 
is reflective of the increasing heterogeneity of the fluvial system in the Joanne reservoir with increasing distance from the 
reservoir (Kape et al., 2010). It wasn’t until the introduction of 3D seismic which identified fault polygons in the field thereby 
enhancing understanding of the Judy field structure. This paved the way for further exploration and appraisal wells (Keller et 
al., 2005). Well test analysis has disproved previous interpretations describing Joanne fluvial systems as “unconfined” by Jones 
et al. (2005). Nicholas & Fisher (2007) argued that although the Joanne formation which contains channels, mostly braided, the 
possibility of deposition in a closed channel belt is still possible. Furthermore, Kape et al. (2010) concluded that on all well tests 
they conducted, clear boundaries could be seen. In their study of predicting production behaviour from deep HPHT Triassic 
reservoirs, they concluded that the Joanne member is very heterogeneous and that recovery is more strongly controlled by 
𝐽 =
𝑞𝑔∙𝜇∙𝑧
(𝑝𝑟
2−𝑝𝑤𝑓
2)
……………………………………………………………………………………………………….………… (2) 
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Figure 4 ‒ P/Z plot analysed for the 
P-12 well, using the initial pressure 
and two data sets, one in 2008 and 
the other in 2013, shows a varied 
GIIP. The remainig volume is 
calculated to range between 18 to 26 
Bscf. Large volumes still remain in 
comparison to what was been 
produced so far (3.7Bcf). 
permeability rather than porosity, contrary to what is found in the Judy members. They also found that a high CGR has a highly 
negative affect on both recovery and the rate of production. The deep Joanne is found to be more sensitive to CGR/GOR 
variations than the Judy members. According to Keller et al. (2005), for modelling purposes, reservoir simulation can assume 
lateral continuity on the east side of the Judy field because it is a continuous fluvial system. 
    This literature review will be used in conjunction with results obtained from this study to analyse the structure of the 
surrounding reservoir of the p-12 well. Some of the results will also be compared to previous findings. The reservoir construction 
and modelling will implement findings from these literatures. 
 
Workflow 
Multiple reservoir engineering practices were incorporated in this study, ranging from P/Z plots to reservoir simulation. This 
part of the study would serve as a reliable foundation to enable a thorough analysis of the benefits of performing a vertical 
hydraulic fracture. P/Z analysis will be used to obtain a range of GIIP of the p-12 well. Material balance analysis will provide a 
first pass history match using a single tank and a two tank model. Pressure transient analysis (PTA) is used to characterize the 
well; its shape, boundary lengths and to conclude the structure of the P-12 reservoir. The results from these methods along with 
petro-physical data are used to build a reservoir model. This is history matched to Bottom-hole pressure (BHP). The fracture 
simulator builds a stress profile and predicts at what depth the fracture will propagate. The results of the fracture simulator are 
then implemented into the history matched reservoir model, where ten year predictions are run to report incremental gain. A 
sensitivity analysis on varying fracture permeability is made. Finally an economic analysis is made to quantify the monetary 
benefit of the fracture. These methods work in close conjunction with literature research to maintain the integrity of the workflow 
(figure 3).  
  
 
A key unknown to be determined: how far the boundaries of the reservoir are, the GIIP in the smaller reservoir and what lies 
beyond that reservoir. This is what is hoped will be achieved by following this workflow. 
 
Analysis methods 
P/Z analysis 
Due to the lack of shut-in bottom-hole pressures, the P/Z analysis uses limited data. To account for the uncertainty that 
subsequently arises from this, two P/Z plots for the p-12 well are constructed. Both P/Z plots share the same initial reservoir 
pressure point obtained in 1996. A pressure gradient survey in 2008, conducted on the depth interval of interest, is used as the 
second data point. The shut-in time for this was roughly two years, enough time to infer pseudo-steady state and therefore a 
reservoir pressure. It has shown pressure to range from 6014 to 6514 psia. The second point of the second plot uses a well head 
pressure (WHP) attained after a six year shut-in (converted to BHP). The results of this P/Z plot show an estimated range of 
(HCIIP) between 21-28Bscf (figure 4). Other Judy wells have shown a more gentle decline in the P/Z plot, this can be either 
attributed to the influx of an aquifer or according to (McKie& Audretsch, 2005), to the high permeability channel systems that 
are drained first before tapping into poorer (sheetflood) sands. He studied the P/Z response for five different wells. Further 
analysis of his work shows an initial average decline of  135
𝑝𝑠𝑖𝑎
𝐵𝑠𝑐𝑓
  for the five wells. The average calculated in this study is in 
region of 200 
𝑝𝑠𝑖𝑎
𝐵𝑠𝑐𝑓
.  This gradient is different to the five others studied, presumably, because the p-12 well is the only well located 
on the downthrown side of the North-West, South East trending fault. It is believed that the structure here is more heavily faulted 
and the blocks arising from compartmentalisation are smaller. 
 
  
 
 
 
 
 
 
 
 
 
P/Z & Material 
balance Well Testing
Reservoir 
Simulation/HM 
history matching
Frac Simulator
Frac simulator 
output
Reservoir Simulator
Report Incremental 
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Figure 3 ‒ Step by step workflow of the methods performed in this study. 
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Material balance 
Two cases are tested here; a single tank and a two tank model, both without aquifer support. The match is based on well head 
pressures points that are preceded by very long buildups (inferring pseudo-reservoir pressures). The material balance match is 
based on meeting the pressure points that are preceded by long build-ups only. It ignores the pressure points that have fallen to 
very low pressures. More specifically, the match should honour the most recent pressure points; (2009 and 2013) as well. The 
two-tank model is matched by varying transmissibility between a smaller and a larger tank/reservoir.  
Results  
 
The single tank case fails to meet any of the points described above and drops to zero pressure. This indicates that there is 
not enough volume in this simulated case. The two tank model gets closer to matching those pressure points, however it tends 
to overshoot them. Previous quality check concludes no aquifer support. This leads to the conclusion that a two tank system 
could explain the historical production, but likely a more complex structure, perhaps a multi-tank model would provide a better 
match. This is tested in more detail in the reservoir simulation. The volume used to obtain this match; 23Bscf for the larger tank 
and 2 Bscf in the smaller tank. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Well test analysis 
Interpret, software readily used at Imperial College, is chosen as the well testing interpretation software. Well testing alone has 
the power to characterize well behaviour based on both near well and far field reservoir responses. Knowledge of wellbore 
parameters and reservoir boundaries would aid in determining a suitable fracture half-length and to decide whether the half-
length is sufficient enough to protrude through zones with hydrocarbon reserves. 
Data preparation 
The best quality pressure transient data came from the DST provided on first drilling of the p-12 well back in 1996 and then 
in 2002 after a hydraulic work over. These data sets were analysed as build-ups, some of which were preceded by relatively 
small production times making the analysis more subjective. (The main problem of well is that it doesn’t produce for very long 
periods). 
Results 
1996 DST, on first drilling 
The twelve hour build-up shows a permeability of 14mD. The late time characteristics may not be observable and caution should 
be taken as a 12 hour build-up may not be long enough to “see” the boundary effects of the well. This plot was used to assess 
the parameters close to the wellbore. Radial flow is seen toward the middle of the plot. The radius of investigation for this test 
is reported as 103.5ft (figure 6). 
2002, post work over data 
We observe a 28 hour build-up which shows a permeability of 1.5mD. This permeability is an order of magnitude lower than 
that seen in figure 6. The log-log plot shows strong linear flow characteristics with linear bodies which varied from 70-300ft and 
a radius of between 100-130ft. McKie& Audretsch, (2005) noted that well tests with short production periods means the effect 
of localized boundaries can be felt. This is apparent by the reduction in permeability away from the wellbore. The diameter of 
investigation reported in this test is 355.5ft. Figure 7 shows the classic radial composite pressure-transient response seen in the 
J-block wells. 
The well test analysis interpretation shows a composite reservoir channel system. Other interpretations have suggested it is 
a continuous channel system. This can be contested based on studies and recommendations of (Nichols, 2007) who argues that 
although, geologically, Joanne member sandstones are channel systems, there is every possibility they are bounded. Previous 
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Figure 5 ‒ Material balance shows a close match using a two-tank system. This match is made with 23Bscf in the larger reservoir and 
2Bscf in the smaller reservoir. 
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well test analysis has shown the system to be a closed rectangle, but this interpretation has been modified over time by different 
geophysical and geological interpretations. 
According to (Keller et al., 2005), production in earlier fields in the Judy/Joanne were lower than expected, because of 
misinterpretation of well test data. From an observational analysis, the sharp drop at late time in figure 7 could indicate a closed 
reservoir, or perhaps an open rectangle; however no credible match could be made with such a model. This leads to the 
conclusion that those points are indeed due to “noise” from pressure gauges. The boundary conditions couldn’t be accurately 
determined due to the relatively short build-up times. Boundaries usually emerge within hours in high permeability reservoirs 
(Kape et al., 2010). The system found is this study is of relatively low permeability; therefore it was difficult to conclude a 
boundary type or determine all distances to the boundary. 
The well shows a good performance index (PI) but shows an increasing total skin over the period 1996 to 2002, from (-6 to 
-3.5) and a permeability range of 1 to 15mD. (Bozorgzadeh, 2001) also analysed the Joanne member sandstone of the Judy field 
in 2001. She reported skins as low as -5 for the year 1996 and permeability range of 0.5-12mD for years 1996 to 1999. (Kape et 
al., 2010) argued that initially some Joanne members can see wellbore permeabilities of (50-100mD), but it is later followed by 
background permeability of (2-10mD). In terms of the Judy field average (Judy and Joanne), the values found, both in this study 
and in M. Bozorgzadeh’s, are low in comparison to this average. We conclude, from this study, that the reservoir is likely in the 
shape of a large channel, but bounded.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gas condensate consideration 
Depending on the data at hand, well testing alone cannot verify well parameters and must be used in conjunction with seismic 
data as well as a comprehensive understanding of heterogeneity both vertically and laterally. This particular analysis is made 
more challenging as we are dealing with a gas condensate and typical reservoir pressure responses may be masked due to 
phenomena such as changing wellbore storage (figure 6) and phase redistribution. Careful observation of the buildup may be 
showing effects of after-flow (surface shut-in). Further analysis of the data show that liquid dropout occurs. Closer to, but not at 
the vicinity of the wellbore, condensate is at its highest and consequently, the gas saturation Sg at its lowest. Liquid dropout is 
further enhanced in this well due to the high CGR (Condensate gas ratio) of 205 indicating a lean gas condensate. (Gringarten 
et al., 2000) showed that lean gases initially show a decreasing mobility away from the wellbore on condensate dropout. The 
change (decrease) in permeability and therefore mobility, assuming constant viscosity, is supported both in this interpretation 
and in the work of Bozorgzadeh (2001).  
 
Reservoir modelling 
Aim of the model 
The ultimate aim of the model is to report the GIIP and area of the smaller reservoir 
so that a boundary length analysis can be conducted to identify whether the fracture is 
able to propagate through the channel sand. The model aims to represent, as accurately 
as possible, the p-12 well, without necessarily employing laborious simulation 
methods with elaborate run times. The power behind the model is its simplicity. It is 
designed to give an approximate productivity gain from a single vertical fracture. 
Given the nature of the study and its associated uncertainty hitherto, it would be 
unwise to commit to a full scale geological model. The input to the reservoir model is 
the mechanistic model (Appendix E) from which we gained an idea of recovery gain 
from a single fracture. This recovery however, assumes the well is draining from a 
reservoir of infinite extent and doesn’t account for the complex structure which we 
suspect the P-12 well to be producing from. In the reservoir model, sensitivity can 
 
 
Figure 6 ‒ Log-log plot of year 1996, 8-hour build-up of p-12 well.  Figure 7 ‒  Log-log plot of year 2002, 28-hour build-up of p-12 well. 
The longer build-up time of this plot exposes the change in 
permeability further away from the reservoir The plot shows a 
characteristic radial composite model, with channels of high 
permeability   
 
Figure 8 ‒ 3 D view of the basic homogenous 
reservoir model. The model assumes lateral 
continuity as shown by Kx (horizontal 
permeability) values presented in the colour 
scheme. The permeability variation from layer to 
layer can be seen for the 23 layers. 
15 
0 
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begin on the total pore volume of the reservoir, overriding the volume chosen in the mechanistic model.  
Model construction and well modelling  
The model was created to ambient conditions at depth and uses a Peng-Robinson equation of state for the PVT correlation. 
Initially fifteen components were used in the fluid model (Figure E 4). This was later reduced to seven in order to save 
computation time. Petrophysical data was upscaled to provide an appropriate number of layers (table E 4). The prop-perm 
transform has been taken from analogue data from other J-area wells (Figure E 7). 
To fully represent the vertical changes in the porosity and permeability, 23 layers were built. Setting up a robust layering 
scheme is important to accurately represent the layers of high permeability and low permeability in order to understand how the 
fracture will be induced. This is of greater concern given the presence of vertical shale barriers observed in the Joanne formation 
(Figure 1. The Triassic, as reported in Kape et al. (2010) and later confirmed by an experienced Geologist at ConocoPhillips, 
can be assumed laterally continuous “for at least 4000 feet”.  
To simulate the well in the reservoir model, a single vertical well is placed in the center of the grid block. The perforation is 
applied to all 23 layers. The initial pore volume selected was based on the upper range of the GIIP found in the P/Z analysis in 
figure 4. In this model, a more accurate representation of the wellbore itself, with an increased number of layering, can also be 
constructed. The gridding structure can be manually tailored to capture near wellbore performance.  
Simulation and gridding 
The simulation is gas rate controlled with a limiting tubing head pressure of 500 psia. The model runs a vertical lift 
performance (VLP) curve tailored to the p-12 well performance. The basis of the reservoir simulator’s calculated tubing 
pressures are dependent on the VLP. Ultimately, prediction runs are critically reliant upon this too. Cartesian Local grid refining 
(LGR) is selected for this study. The gridding structure is designed to be locally refined in the vicinity of the wellbore, around 
the perforation. It gets coarser away from the well and morphs into a variably-spaced grid (figure 11). The model contains 16,767 
grid cells. The lateral spacing of the locally refined grid, at the immediate vicinity of the wellbore in the x and y direction, is 
33ft by 33ft. The unrefined, global grid is 100ft by 100ft. Total grid cells in the x and y direction equate to 2100ft by 2100ft in 
real life dimensions.  
 
History match 
The strategy was to history match the gas rate and the BHP between (4/10/2000 to 1/11/2000) until the well enters the cycle 
for the first time, before continuing to history match the remainder of the historical production. This could serve as a basis for 
characterizing well performance in subsequent years. This hypothesis will be applied to different scenarios.  
The main variables changed were the permeability𝑘ℎ, pore volume of the reservoir and the permeability anisotropy (𝑘𝑣/𝑘ℎ). 
In most instances a 𝑘𝑣/𝑘ℎ ratio of 0.1 produced the closest matches a ratio which was also used by Kape et al. (2005) whilst 
modelling the Judy field. However, the observed difference between the match attained by varying 𝑘𝑣/𝑘ℎ ratios were minimal.  
The match will serve multiple purposes but its ultimate objective is to estimate the volume of the smaller reservoir from 
which we can infer an area of that reservoir (which the p-12 well drains from). The history matched model will also accommodate 
the implementation of the fracture. Three cases were simulated to perhaps explain the peculiar production of the p-12 well. 
Scenarios considered 
1. Two producing zones  
2. Composite single tank  
3. Multi-tank model, radial flow 
Scenario 1 : Two producing zones  
Scenario one is largely based on the homogenous model seen in figure 8. It tests the 
hypothesis that hydrocarbons are being produced from only two zones. A notion that has been 
developed from the results of a PLT performed in 1996, indicating that 80% of flow comes from 
one 35ft interval and 20% from another 10ft interval (figure 9). It was not possible to get a match 
for this scenario. On variation of pore volume, a match on the gas and oil rates is attained at best, 
but not on the BHP. 
Figure 9 ‒ A slice in the IK 
orientation showing Net-Pore 
Volume. The two producing zones 
are shown in the midst of a sea of 
deactivated grid cells. 
35ft  
10ft  
13000 
0 
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Scenario 2 : Composite single tank model 
This scenario obeys the homogenous model except close to the wellbore. Here the 
permeability is changed according to the observations made in the PTA and literature. It also 
attempts to incorporate the potential mobility change observed from the radial composite type 
behaviour. This model assumes three different permeability zones; high permeability within 
close proximity to the wellbore and lower permeability just outside of it. This is followed by an 
incremental decrease in permeability further away. They are denoted as regions 1 to 3, 
respectively (figure 10). The model finds a relatively close match at early and late time when 
permeability of regions 1 and 2 are held at 3.5mD and 0.2mD respectively. The results of a 
sensitivity on permeability for region 1 is shown in the appendix. In honouring the change in 
mobility discussed earlier, sensitivity on region 3 is conducted and its effect on the history match 
is observed. This sensitivity analysis showed little change at late time. A trade-off between the 
gas rate match and the BHP match was observed. The more prominent change occurred in the 
middle of the flow period with 0.2mD yielding, on average shown in the appendices. 
Scenario 3 : Two tank model, radial flow 
This analysis uses faults to model boundaries. The purpose of the faults are twofold; the 
first is to simulate a two tank effect, where a larger tank is feeding a smaller one. The second 
purpose is to represent the channel bounded system. Lithologically, if the reservoir is a channel 
sand, then we must assume that there are many more channels surrounding the p-12 reservoir. 
Figure 11 attempts to resemble the complex structure in figure 13. This is simulated by creating 
many fault structures of differing sizes. The inner tank/reservoir show in in red (figure 11) is 
simulated by combining faults to form a rectangular enclosure (fault 1), where transmissibility, 
and kv/kh ratio are varied to find a history match. Zero transmissibility will give the modelling 
effect of a closed reservoir, and non-zero transmissibility will emulate a “feeding” mechanism. 
Tuning the transmissibility to zero gives no history match; the BHP drops rapidly to zero. This 
highlights further that the p-12 reservoir is not acting as a completely isolated structure. The 
match obtained uses a transmissibility of 0.01 for the inner reservoir (fault 1) and 0.05 for the 
larger reservoir (fault 2). The match is observed in figure 12.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sensitivity on Transmissibility  
    Figure 14 shows a general increase in recovery for both oil and gas, as the transmissibility of fault 2 (Tx2) is increased. 
Although the trends between them are similar, the increase in oil is discretely greater than for gas. Initially, Tx2 has a greater 
control on the oil recovery factor. This control becomes limiting as the value of Tx2 surpasses 0.01 and we begin to see, in the 
last two plots, similar recovery factors for both oil and gas. Increasing Tx2 after this point no longer has any effect on the 
recovery factor. Similarly for the transmissibility of fault 1 (Tx1), the optimum recovery seems to come from a transmissibility 
of 0.05.     
The control on the RF of oil, of Tx1, is fairly constant throughout all cases. Despite an increase in several orders of magnitude 
of Tx1, the incremental increase through each order of magnitude is very modest, if Tx2 is constant. The selection for the model 
transmissibility is based around meeting at least the cumulative gas rates. To some extent, the selection should also fulfil the 
partial requirement of obtaining a RF which is similar for both oil and gas. This requirement ensures that the history match also 
simulates theoretical recovery of oil and gas which, in a gas condensate, is usually similar, until the dew point is reached. Based 
on this analysis, any combination of transmissibly from the last two plots, providing that Tx1 is greater than 0.005, can be 
selected. 
Figure 10 ‒ Layer view of the inner 
reservoir, showing the regions of 
varying permeability. The highest 
permeability is contained in region 1 
and the lowest, in region 3. 
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Figure 12 ‒ History match attained using transmissibility variations on the inner reservoir/fault 1 
and the larger reservoir fault 2.  
  Figure 13 ‒ Architectural element of 
a complex channel system.  
Structure length can vary between 
(6-2400ft) in length. This structure 
type is modelled using the multi-
tank system described above. 
Figure 11 ‒ The full unrefined grid 
showing the areas of the 
transmissibility used. The effect of 
(Tx1) is designated in Aqua colour, 
surrounding the small reservoir/fault 
1. The area in yellow highlights the 
jurisdiction of fault 2/larger reservoir 
and its transmissibility (Tx2). 
2100 ft 
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Implications of the history match on G/OIIP estimate 
From the volume and the area, the dimensions of the reservoir can be calculated by assuming a reservoir of differing shapes. 
This well was particularly difficult to history match and there is a region in middle time which isn’t as well matched; however, 
both the start, late middle and end times of the flow period show a strong BHP match, which indicates that overall, the material 
balance of this well is functioning correctly. Since we now have a history match, an area can be calculated by creating a user 
defined function for area in the reservoir simulator. The area calculated is 49005𝑓𝑡2 and the range of GIIP found for this is 
approximately(360 − 500) 𝑀𝑀𝑠𝑐𝑓. This is roughly four times smaller than the material balance suggestion. The discrepancy 
comes from the model type. This is a multi-tank model, whereas the first volume is based on a two tank model. 
 
Grid Refinement  
The analysis is performed by running three different gridding scenarios to identify an appropriate base case fracture grid. 
The first few tens of feet of fracture propagation are crucial in capturing liquid dropout effects and steep pressure gradients near 
the fracture region. More specifically, normal to and in the direction of the fracture, the grid should be more refined than areas 
away from the wellbore. In addition, the radial effect, from the wellbore, can be more closely simulated with an increasing 
number of grid blocks. 
To enhance focus around the wellbore and to obtain a faster simulation for this sensitivity analysis, a portion of the grid’s 
pore volume was deactivated (figure 15). The series of progression in the grid refinement is shown in figure 16. 
 
 
 
 
 
 
 
 
 
 
Recovery factor is not a function of grid refinement however it is good way to represent the accuracy of the well performance 
of the model by assessing how well the fluid in the model is interacting with cells in the grid. To obtain an incremental increase 
in gas RF of just 2%, from Grid_2_to Grid_3, the CPU time has to increase by approximately 9032%. In comparison, an 
incremental gain of 13% can be attained, from Grid_1 to Grid_2, by increasing CPU time by only 548%. The oil RF is more 
dependent on the degree of grid refining than the gas RF. An incremental increase, from grid_2 to grid_3, of 6%, can be attained 
by an increase of 9032% in CPU time (figure 17). This percentage value is almost three times greater than that found for gas. 
However, using grid_3 is too laborious and would significantly slow down simulation time. Given a short time-frame and the 
simultaneous requirement of both accurate well performance and simulation efficiency, it would be difficult to justify using 
grid_3. In conclusion, grid_2 was taken forward in the reservoir simulation to model the fracture.  
The possibility of applying a more refined grid to the model is there, but the recovery obtained from such an increase was 
insignificant. Usually a reservoir engineer will use an up-scaled refined grid during a thorough field development plan. The 
added complexity of assigning saturation values and other rock properties to each cell justifies usage of such refined grids. For 
the purpose of this study, which deals with one well in isolation, very refined grids were found to be immaterial. 
0 
13000 
Figure 16 a) ‒ Layer view of 
Grid 3. 
Figure 16 b) ‒ Layer view 
of Grid 2. 
Figure 15 ‒ The full grid as a 
function of pore volume. The 
area designated in blue shows 
the deactivated grid blocks.  
Figure 16 a) ‒  Layer view 
of Grid 1 (Unrefined grid). 
Figure 14 ‒  Transmissibility sensitivity of Fault 1 and 2 and their effect on the recovery factor of oil and gas. The oil recovery is less sensitive to changes 
in transmissibility of the inner fault (Tx1) than the gas RF. Oil and gas RFs show similar trends, with gas RF consistently higher than that of oil. 
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Boundary length analysis 
A key unknown and one of the main objectives of this study, is to identify the boundary distances to the larger outer reservoir 
and the shape of the inner reservoir.  
Equations for the area of numerous shapes are used to obtain their respective dimensions.  
Example calculation for dimensions of an equilateral triangle:  
Area of equilateral triangle   𝐴 = √
3
4
∙ 𝑙2………………………………………………………………………………………..(3) 
Rearrange for length, 𝑙, gives  𝑙 = √
𝐴×4
√3
= √
49005×4
√3
= 336.42 𝑓𝑡                                         
Conceptually, if these shapes are superimposed on each other, it can create a polygon which has the power to claim any 
boundary shape. With the knowledge of the shape dimensions and given an accurate fracture half length, the success of 
penetration of said boundary is more easily assessed.   
The following shapes are considered:  
 Square  
 Rectangle 
 Circle  
 Equilateral triangle 
 Isosceles triangle 
 
 
 
In the cases of the square and equilateral triangle, the length is fixed. Mathematically, their lengths cannot vary if the area 
remains the same. The same is true for a circle. However, consider a rectangle for the same area, which is very long in length 
and therefore very short in width. Immediately you will realize that if the fracture happens to propagate within that long 
streak/channel sand, then it will not penetrate the boundary and will merely increase production within that channel sand only. 
Therefore this analysis can only work if used in conjunction with PTA analysis or more enhanced geophysical data. However, 
in doing so, you would require the knowledge of one boundary. This is useful if your pressure build-up data is not long enough 
to realise all boundaries, or the interpretation only provides enough information to discover one potential boundary. PTA shows 
that the channel boundary structure within which the P-12 well produces from is between 100 to 300ft. The distance of the 
reference point, to the boundary of the superimposed shape, should be within this range (300ft for the worst case). Then set the 
fracture to propagate from that reference point to assess whether the fracture will protrude into the next channel body. Based on 
this analysis, to ensure propagation into the larger reservoir (or additional channel sands), a maximum fracture of 340ft is 
required. Except in the worst case; a rectangle of width 100ft (thinnest possibility based on PTA) would require a fracture of 
490ft. This is based on the length obtained for each of these shapes which can be found in the appendix.                                                   
 
Hydraulic fracture Design 
The integration between Reservoir engineering and Production engineering is key to this study and begins here. The 
development of the history match as being representative of how the well is behaving paves the way for a relationship between 
the reservoir model and any implementation of a fracture thereafter. The fracture simulator is the link between that relationship. 
Where the history matched model and the grid optimization become the platform of the operation and the base from which a 
prediction can be computed. The prediction will be run on a ten year basis and reported as a yearly incremental gain of both oil 
and gas.  
Figure 18 ‒ Layer view (IK orientation) of shapes used in the study. The dimensions are scaled down to a 
ratio of (1:6500). 
Figure 17 ‒ The three cases tested 
are presented on the x-axis with a 
secondary y-axis showing CPU 
time using a logarithmic scale on 
one side and RF in percentage on 
the other. Gas incremental RF 
increase tends to 0 quickly, 
whereas, the oil RF is more 
sensitive to increased grid refining. 
Based on CPU time and RF 
incremental increase, the plot 
shows grid_2 to be the most 
efficient. 
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Candidate selection 
Criteria  
Four main factors should be considered prior to deciding a hydraulic fracture operation; wellbore damage, formation flow 
capacity, existing reserves and the economic impact. (Coulter, 1976). It should be ensured that there is a potential to increase 
the productivity index (J) and to ensure that this is sustained, maximised and economically justifiable. It is reasonable to justify 
a hydraulic fracture operation in a low permeability reservoir if the fracture also increases ultimate recovery and extends the 
producing life. In this study, the remaining G/OIIP and the potential to access the larger reservoir is the main driver for the 
proposed hydraulic fracture. 
HPHT, GWC and Lithology Considerations 
The Judy field is a HPHT reservoir which means certain material constraints required for the fracture need to be observed. 
At a first glance, such a well may require specialist equipment, however, the Judy field, and the p-12 well, in particular, do not 
see surface treating pressure (STP) beyond 15,000 psi. Similarly, the bottom hole temperature limit of 370°F is never exceeded 
and hence no additional fluid systems will be required (Martin, 2010). The risk of significant water production is negligible, 
since there is no proven aquifer nearby and the HWC is at 13636ft TVDSS, above which lies a full 15ft of silt. Above this, for 
the next 100ft, up to 13500ft TVDSS, inter-bedded clay formations are observed. Relatively speaking, since the lithology above 
13500ft TVDSS is unconsolidated in comparison, the fracture is unlikely to break into any formation below 13500ft TVDSS. 
Reservoir formation quality and potential hydrocarbon gain 
The well was analysed closely for its reservoir quality; net pay, permeability and porosity, both analytically and through the 
use of literature. The p/z plot, material balance and reservoir simulations all point to the existence of a large additional reservoir 
beyond the small reservoir, of approximately 25BCF. The shape analysis concludes a hydraulic fracture of 360ft is required to 
connect the small reservoir to this remaining hydrocarbon reserve.  
Fracture orientation 
Fractures propagates in the direction of the minimum in-situ stress (Reynolds, 1961), usually normal to it. However there are 
no recorded measurements of this data for the Judy field. In addition records of hydraulic fracture jobs offshore in the CNS are 
either too difficult to find or non-existent. This can be mitigated by assuming the regional stress trend equates to the normal of 
the minimum stress direction. The Judy field is a northwest plunging horst, with a fault dip, North West – South East trending. 
Klein (1986) also studied the orientation of the maximum horizontal principle stress in the CNS and reported its direction to be 
North West South-east trending (figure G 2). This will be taken as the maximum in-situ stress direction (normal to the minimum 
stress direction. This criteria is important for studies beyond this one, when a full field model, with multiple wells, is added to 
the current model. It is not crucial in this particular study, nevertheless, it is reported here as an important reference for any 
engineer pondering over a CNS frac job.A fundamental input into GOHFER was the azimuth data on a depth by depth basis. 
Such data would, in conjunction with the minimum and maximum in-situ horizontal stresses, provide the final fracture azimuth 
(Gidley et al. 1989).  
Assumptions 
Perforations into the Jurassic interval conducted in the p-12 reservoir are assumed non-existent to artificially increase the 
pumping pressure. In reality, it is possible to produce this effect by creating a bridge across perforations using screenouts. In 
theory, the effect of this assumption would produce a longer fracture half-length and enhance proppant transport efficiency. The 
second assumption is that the stress profile calculation in GOHFER considers that virgin pressure begins at the top of the Triassic 
interval. This is some 400ft below the top of the Mid-Jurassic depth, at which the beginning of the p-12 reservoir is strati 
graphically defined. 
                                                   
Fracture simulation 
Fracture initiation, propagation and containment pressures are the most important data required for a hydraulic fracturing 
operation. The 3D fracture simulator GOHFER (Grid Oriented Hydraulic Fracture Extension Replicator)is based on a regular 
gridding structure (Barree, 1983) and is used in this study. GOHFER’s high simulating accuracy comes from its ability to assign 
key parameters to each grid. The usage of this grid is twofold. To allow for a planar 2D finite-difference grid to enable 
computation of fluid flow solutions. It is this aspect of GOHFER’s methodology that allows multiple fluid entry points and 
hence multiple fracture initiation points. The second is to compute elastic rock displacement calculations.  The latter provides 
the ability to generate a stress profile for the interval concerned. 
     The output from the hydraulic fracture simulator (Appendix E1 a) suggests that a fracture is most likely to propagate at a 
depth of between (13362 -13382) ft TVDSS and with a maximum (𝑥𝑓) of approximately 340ft . In this case, it induced the 
fracture in one of the two zones which the PLT suggested the majority of hydrocarbons were coming from. The proppant 
concentration, remains constant throughout the (𝑥𝑓) at a maximum concentration of 3.8
lb
ft2
, (Appendix E1 b).  This is a robust 
result indicating that the proppant can easily maintain the closure stress and support the 𝑥𝑓 limit of 340ft.  
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Figure 23 ‒ High production rates initially which is followed by a three year 
rapid decline in production. From 2017 and beyond, we observe a gentle 
decline in incremental gain. 
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Figure 22 ‒ For all cases except the 75ft fracture, an initial surge in 
production for the first two years, followed by a rapid decline in incremental 
gain for the year 2016. A steady decline is observed in the incremental gain 
thereafter. 
Fracture fluid properties 
The simulated job was pumped at a rate of 40bpm and placed 700,000 lb of medium-weight ceramic proppant into the 
formation. This required a 16/30 mesh size of CarboProp material and was treatment assisted with 40# XL Borate Gel. The gel 
serves to increase viscosity by crosslinking the borate ions with hydrated polymers (Curtice, 2009). The increase in viscosity 
provides greater efficiency of proppant deliverability to the fracture. Cross links built during pumping of fluids are reversible 
which allows the borate fluid to clean up faster paving the way for a recovery in permeability and conductivity (Halliburton, 
2014). 
Fracture modelling in the reservoir simulator 
    There are numerous ways reported in literature on how to model fractures. Close to and 
within the vicinity of the wellbore the grid is very refined to capture any liquid dropout effects. 
The fracture is modelled as a very thin slice in the IK orientation (figure 19). This represents 
the fracture half-length. (The width of the fracture is imposed on the grid blocks in the JK 
orientation). A schematic to aid visualization of the fracture orientations described is shown in 
figure 20. The height is defined through the layering system of the up-scaled reservoir model 
created earlier (figure 9). 
The permeability of the “main body” of the simulated fracture is 300mD with a decline of, 
a third, to 100mD at the fracture tips. A fracture tip is defined as exactly 30% of one fracture 
half length. Example, assume a fracture half-length is 75ft, then the fracture tip is 22ft with the 
remaining 53ft defined as the main body. 
 
 
 
 
 
 
 
 
 
  Results 
Incremental gain observed for ten year prediction 
    The history matched model has a vertical fracture imposed on it in conjunction with the fracture simulator analysis. Base case 
prediction (without a fracture) is compared to the case with an imposed fracture. The incremental gain is reported for both oil 
and gas. We observed an increase in ultimate recovery factor in all cases of increasing fracture half lengths. However, given that 
the reservoir is mainly low permeability, the observations fell short of what was described would yield a high increase in 
recovery. 
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Figure 19 ‒  Zoomed in layer 
view; a vertical fracture of 350ft 
half-length is imposed on the 
refined grid in the IK 
orientation. An effective 
fracture permeability of 300mD 
is imposed on the main body of 
the half-length. This is followed 
by a decline in permeability 
(100mD) at the tips (illustrated 
in pale green colour). 
Figure 20 ‒ Schematic of 
what the fracture geometry 
looks like, in 3D. 
Figure 21 ‒  Schematic 
showing each fracture 
half length’s exposure 
to new channel sands. 
The 150ft fracture 
accesses an additional 
channel sand. 350ft 
accesses two and the 
750ft fracture accesses 
three new channel 
sands. 
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Facture sensitivity results 
 
Sensitivities are run to assess the effect of varying the permeability example 300_100 refers to 300mD for the main body of 
the fracture and 100mD for the fracture tips. The same applies for the other cases. Results are shown in (figure 24 and 25). 
 Economic Analysis 
    A first pass economic analysis is made on a P50 estimate of reserves recovered from a single fracture of 350ft half-length. It 
is based around a net present value. The results indicate that the fracture will provide a monetary gain for each of the ten year 
predictions ran. The capex is considered in the first year (2014) which explains the decreased revenue for that year (figure 26) 
despite this being the year which sees most productivity gain. The cost of plugging previous perforations is accounted for in the 
opex and spread out equally on a first five year basis. 
A breakdown of the financial contribution of each fluid in the gas condensate is presented in the pie-chart below.  
 
 
 
Figure 25 ‒ A similar effect can be noticed for the oil recovery factor. This is 
only noticed for fracture half-lengths of 350ft and beyond. 
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Figure 24 ‒ As the fracture half-length increases, the permeability variation 
has a greater effect on the ultimate recovery factor. 
Figure  27 ‒ Chart showing the financial breakdown of the fracture job.  
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Figure 26 ‒ Positive NPV year on year after fracture implementation. 
Oil 
Revenue, 
$28.4 , 
16%
Gas Revenue, 
$73.1 , 42%
NGL Revenue, 
$0.0 , 0%
Capex, $15.0 , 9%
Opex, $9.3 , 5%
Tax, $47.8 , 28%
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Discussion and analysis summary 
    The combination of reservoir engineering and production engineering disciplines presented in this study have enabled the 
engineer to cover a broad range of methodologies. Many of which were conventional and traditional. However the nature of the 
problems to which these methods were applied, meant that multiple challenges came into play. Some of these challenges were 
tackled using somewhat unconventional methods and fair assumptions. Citation of literature to compare and backup any findings 
played a key role in the analysis of the methodologies used.  
    A hydraulic fracture operation cannot be justified based on the prevision that the well is simply underperforming. Pressure 
transient analysis conducted earlier moves to discredit the logic for this operation by reporting that the reservoir is naturally 
stimulated. Such high negative skin values could be attributed to near wellbore storage in the form of natural fractures and/or a 
Geo skin effect born out of high permeability channel sands of limited extent. Mini-fractures were, in fact, reported as probable 
from the geophysical study; their structure and frequency were questionable. Assume now, that the former is not the case; this 
pulls into question which of the four criteria for justifying the fracture has actually been met. The PTA does report a pre-
dominantly low and to some extent mid permeability values; a result shared by numerous citations (Bozorgzadeh, 2001) and 
(Kape et al., 2010). This indicates room for improvement of connectedness from the wellbore to the reservoir.  Previous 
interpretations suggesting a closed system have been disproved in this study. However complete knowledge of the distances to 
the boundaries could not be attained. This due in part to, perhaps, long productions times followed by short build-ups. The 
method of reliance on PTA to provide a pseudo-detailed faulting/boundary structure on behalf of good seismic data could not 
be proved. Ultimately, an estimate of OGIIP, on this basis, would simply be too subjective.   
    The P/Z plot reported a wide range for gas reserves, approximately a 35 percent difference. The result was attained using only 
four points in total. Although that data was reliable and could be representative of initial reservoir decline, it would be difficult 
to assume that it could be extrapolated to accurately represent the decline toward the end of reservoir life. The gradient of this 
P/Z plot was compared to that of five others. Although it was not completely dissimilar to those, the result further emphasises 
the notion that p-12 acts as a lone player in comparison to other Joanne member 
wells. An optimist, however, may argue that just like the gentle decline seen in the 
five wells tested and given more data points, the same could be predicted for the p-
12 well. In either case, the lower end of the OGIIP range observed in this study is 
six times more than what was produced since first drilling, 18 years ago. It remains 
an attractive prospect. 
The models tested in the reservoir simulator; scenario 1 and 2, failed to fully 
capture the year 2000 well performance and no history match could be attained. 
Scenario 2 however, managed a more realistic simulation using the permeability 
range reported from PTA, the sensitivity analysis and literature citations 
(Bozorgzadeh, 2001) and (Kape et al., 2010). Though, invariably, with any 
parameter changes made, the calculated simulation would overestimate the BHP. 
Instead it tends to overcompensate for the lack of constant pressure maintenance by 
simulating greater volumes than the smaller reservoir realistically holds. The last 
scenario emulates a feeding mechanism which can accommodate pressure 
maintenance. It gives a close BHP on the year 2000 rates. The nature of the data input 
(BHP converted WHP pressure) meant that the pressure fluctuations were exaggerated. Continuation of the history match beyond 
year 2000 could not be attained as the model fell short of emulating fluctuations form the ebb and flow seen in the historical rate 
data in the appendix.  
    The flexibility of the boundary length analysis approach allows you to obtain dimensions of any shape, given an accurate area. 
Though the method limitation is that it must be used with one other known; a boundary length whilst defining a reference point.  
It is important to note that the eventual outcome of this analysis, hitherto, is only a qualitative one. It uses quantitative methods; 
the usage of area equations, PTA boundary length/s and OGIIP calculations. But ultimately the method should answer the 
question; “does the whole length fracture or at least the fracture half-length penetrate through a defined boundary?”  In 
answering this question the engineer is assured that the fracture won’t just improve production from the same initial sand body. 
It provides the engineer with a minimum length required for breaking into a fault, or in this study, the more likely case; another 
channel body of limited extent.  
    It’s often difficult to find, on first shot, the best interval to perforate, especially in HPHT reservoirs where compaction of 
sediments is prominent. Perforations from the Jurassic section were considered negligible and there is an associated cost with 
plugging perforations. Multiple perforations end up weakening the fracture propagation by inducing an additional area where 
pressure can be lost. It also causes loss of proppant efficiency. The multi-fracture initiation function of GOHFER was realized 
but only with a mini-frac and a propagation of a meagre 30ft half length, located 60ft below the main fracture as seen in the 
appendix. It was prevented from further propagation, presumably because it lies in more consolidated sands. Equivocally, the 
presence of the irregular interbedded shale appears to be a menace to fracture propagation. However in this case, it actually 
limited the growth of fracture height. It must be noted that GOHFER simulator predicts higher treating pressure and fracture 
half-lengths that are shorter than other 3D fracture simulators (Warpinski et al., 1993). This uncertainty has been accounted for 
by running fracture half-length permeability sensitivity analysis.  
 
Figure 28 ‒  Superimposing shapes selected in 
the study. The reference point is illustrated as 
the black dot inside the superimposed shape. 
Scale (1:3250). 
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    To fully understand how the simulation is obtaining its predictions, we must observe and analyse the pressure depletion 
between and within the two reservoirs. It is the nature of the feeding mechanism and the transmissibility that ultimately governs 
the rate of pressure injection and hence pressure depletion. At year one, on initial production of the well, we observe very high 
pressures in the outer reservoir and the beginning of some pressure depletion in the inner reservoir. By year 4 we can observe 
the effect of radial flow seen by the pseudo-circular depletion. At year 8, after a two year shut-in, we observe constant pressure 
across both the inner and outer reservoir. The pressure has stabilised between the two reservoirs and no more hydrocarbons are 
able to flow into the smaller reservoir. In 2015 at year 15, two months after prediction begins, we begin to see depletion initially 
only in the inner reservoir, not enough hydrocarbons have been lost from the outer reservoir to see significant pressure depletion. 
Finally, at year 2023, major decline occurs, the outer reservoir is much less able to provide hydrocarbons than previously. Upon 
implementation of the fracture, we observe lower recovery rates toward later years of prediction (figures 22 and 23) because 
liquid dropout ensues close to the wellbore. As pressure is depleted further, oil saturation cease to limit itself to the wellbore and 
extends into the larger surrounding reservoir as seen by the decrease in 𝑠𝑔 (figure 30).  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Final remarks and conclusions 
    The concept of a feeding mechanism by fault transmissibility, where the smaller reservoir is recharged by a larger one, has 
proven to be quite possible in explaining the production performance of the P-12 well.     
 From the model, the HIIP (hydrocarbons initially in place) of the smaller reservoir, is found to be fairly small at 360-
500MMscf. It also confirms the range of the outer reservoir HIIP suggested from the P/Z analysis. It is a good prospect 
and worth studying further. 
 PTA coupled with citations from Jones et al. (2005), Kape et al., (2010) and Nicholas & Fisher (2007) strongly favour 
a channel sand of limited extent as the structure of the reservoir.  
 Combing PTA and assuming the reservoir is in the shape of those proposed in the boundary length analysis; the fracture 
should protrude through the channel sand and access the larger, outer, reservoir. 
 The model invariably over predicts the production forecast in the case without the fracture, (base case), as it failed to 
capture the well performance. Conversely, the actual productivity gain from the fracture is therefore underestimated.    
 Based on an increase in recovery, the fracture job should go ahead. The direction of the minimum in-situ stress direction 
(fracture propagation) can also be confirmed.  
 4D seismic data could enhance the understanding of the structure of the area around the p-12 and replace the need for 
the hydraulic fracture job. However this would cost more and unlike going ahead with a fracture, will not provide an 
increase in productivity. 
Further Work 
 A robust model should report a pressure differential between two sides of a boundary, however research should be 
conducted on the success of fracture propagation through faults or boundaries of channels sands and the implication of 
this on the fracture half length.  
Figure 29 ‒ Progression of pressure depletion between and within the inner and outer reservoir from t=1 (year 2000) to t=23 (year 
2023) as modelled by the reservoir simulator. 
t=24 t=1 t=4 t=8  
 
t=15 
10600 
0 
Figure 30 ‒ Change in the gas saturation within the inner and outer reservoir from t=1 (year 2000) to t=23 (year 2023) as modelled 
by the reservoir simulator. Any reduction in gas saturation here is almost directly replaced with oil saturation.  
0 
0.8 
t=1 t=4 t=15 t=17 t=24 
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 Conducting mini-fracture tests, to reduce uncertainty on the direction of propagation. 
 Micro-frac test to measure the stress profile, derived from wireline log data. 
 Fracture face damage and its impairment of gas saturation around the fracture. 
Nomenclature 
𝑡 = 𝑡𝑖𝑚𝑒 (𝑦𝑒𝑎𝑟𝑠)  
𝑠𝑔 = 𝐺𝑎𝑠 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛  
𝐾𝑥 = 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝑚𝐷) 
𝑙 = 𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑙𝑒𝑛𝑔𝑡ℎ (ft) 
𝑥𝑓 = 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 ℎ𝑎𝑙𝑓 𝑙𝑒𝑛𝑔𝑡ℎ (ft) 
𝑄 = 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 (
𝑓𝑡3
𝑠
) 
𝐴 = 𝐴𝑟𝑒𝑎 (𝑓𝑡2) 
J = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦  
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Appendices 
Appendix A ‒ Milestones of literature: hydraulic fracturing and Judy field literature  
 
 
 
SPE 
Paper n 
Year Title Authors Contribution 
Trans AIME 210: 
153-168 
 
1957 “Mechanics of hydraulic 
fracturing” 
 
M.K. Hubbert, D.G. Willis This is one of the first papers on hydraulic 
fracturing. It discusses the how and why the 
fracture propagates. It discusses the core 
principle of hydraulic fracturing.  
Technology 1976 “ Hydraulic fracturing – new 
developments” 
Gerald R. Coulter, Halliburton 
Services, Duncan, Oklahoma 
Provides the fundamental knowledge of 
hydraulic fracturing. 
SPE 26924 1993 “Improving Hydraulic 
fracturing results in the 
Clinton sandstone of Ohio: A 
case history” 
R.H. Jacot Techniques for improving hydraulic fracturing 
techniques 
SPE Production & 
Facilities 
1994 “Comparison Study of 
Hydraulic Fracturing Models 
– Test Case: GRI Staged Field 
Experiment No.3” 
N.R. Warpinski, 
Z.A. Moschovidis 
C.D.Parker 
I.S. Abou-Sayed 
Compares many fracture simulators used in 
industry. Helps in choosing an appropriate 
simulator for a specific case. 
SPE 28905 1994 “ J-Block Template 
Drilling:Innovation and 
teamwork break cost and time 
barriers” 
K.W. Henderson, Phillips 
Petroleum Co. U.K. Ltd. 
Proved that horizontal wells are feasible in the 
Judy field 
 
SPE 49128 
 
1998 
“Judy/Joanne field 
development” 
K.Ashton 
J.E. Sylte 
Provided a very useful background to the J-
block area and Judy field. 
Marine and  
Petroleum geology 
 
2000 
“Integrated study of Judy 
field (block 30/7a) - an over 
pressured Central North Sea 
oil/gas field” 
 
R.E. Swarbrick, M.J. Osborne, 
D.Grunberger, G.S.Yardley, 
G.Macleod, A.C. Aplin 
 
Study of pressure within the Judy field, 
assessing overpressure and its contribution to 
GOR. 
SPE 62920 2000 “Well Test Analysis in Gas-
Condensate Reservoirs” 
A.C Gringarten 
A. Al-Lamki 
S. Daungkaew 
Discuss the effect of different CGR and its 
changing permeability away from the 
wellbore 
Petroleum Geology 
Conference 
2005 “Judy Field: rejuvenation 
through a second phase of 
drilling” 
T. Keller  
R. Bayes 
M. Lines  
 
Provides a very good description of the Judy 
field. A detailed petroleum characterization 
summary. Provides information on first and 
second stage developments of the Judy field. 
 
SPE/IADC 92218 
 
2005 
“Jade North Sea HPHT 
Development: Innovative 
Well design generates best in 
class performance 
I.A.C. Palmer, ConocoPhillips UK 
Limited 
Well design that is unconventional in 
comparison to other North Sea HPHT 
developments 
SPE 106359 2006 “Integrating Pressure transient 
analysis in hydraulic 
fracturing” 
 
Zillur Rahim and Ismail Buhidma Research on the use of well testing to predict 
physical facture extent, vertical coverage and 
fracture conductivity, all of which impact the 
well performance  
SPE 102370 2006 “Successful hydraulic 
fracturing techniques in 
horizontal wells for sandstone 
formations in the Permian 
basin” 
Vladimir Roudakov and Craig 
Rohwer, Halliburton 
Case study of successes using hydraulic 
fracturing techniques 
Petroleum Geology 
Conference 
2010 “Predicting production 
behaviour from deep HPHT 
Triassic reservoirs and the 
impact of sedimentary 
architecture on recovery” 
S.Kape, O. Diaz De Souza, I. 
Bushnaq, M. Hayes and I,Turner 
Provides a sound geological understanding of 
the J block. Discusses WTA and P/Z plots. 
SPE 135669 2010 “Best practices for Candidate 
Selection, Design and 
Evaluation of Hydraulic 
Fracture treatments” 
A.N. Martin 
Michael J. Economides 
From productivity equations, to proppant 
numbers to a description of how the fracture 
process may differ under different conditions  
SPE 135669 2010 “Best practices for candidate 
selection, design and 
evaluation of hydraulic 
fracture treatments” 
 
A.N. Martin, BJ Services, and 
Michael J. Economides, University 
of Houston. 
Useful equations can be used to enhance 
understanding of hydraulically fractured 
wells. General overview of what hydraulic 
fracturing entails fracturing. Tries to push 
aside old misconceptions about why and when 
hydraulic fracturing should be carried out 
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Appendix B – Critical literature review 
 
 
Trans., AIME 210: 153-168 (1957) 
 
Mechanics of hydraulic fracturing 
 
Authors: M.K. Hubbert, D.G. Willis 
 
 
Contribution  
This is one of the fist papers to discuss hydraulic fracturing from a more practical perspective. It discusses the core principle of 
hydraulic fracturing. It explain how fractures propagate and under which conditions 
 
Objective of the paper   
To obtain stress sate of fractures. To obtain rupture pressures 
 
Methodology Used 
A mix of field experiments and laboratory work.  
The main method used is Mohr’s stress theory to simulate the stress profile underground.  
He uses this in conjunction with shear and normal stresses to obtain the profile. 
 
Conclusions Reached 
1. The underground stress profile is not hydrostatically control, it depends more so on the tectonic state of the ground.  
2. A fracture will typically propagate in the direction which is normal to the in-situ stress or least principal stress. 
Hydraulically induced fractures should be formed approximately perpendicular to the least principal stress.  
3. The pressure required for injecting fluids to induce a fracture is dependent on the magnitude of the least principle stress. 
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JCPT76-04-03 Journal of Canadian Petroleum (1976) 
 
Hydraulic Fracturing – New Developments 
 
Authors: Gerald R. Coulter, Halliburton Services, Duncan, Oklahoma  
 
 
Contribution  
Provides knowledge on the fundemneatals of hydraulic fracturing and discusses the criteria for considering a fracture job. 
 
Objective of the paper   
Discuss the theory of hydraulic fracturing and recent advances in fracturing fluids and fracturing techniques. 
 
Methodology Used 
The paper highlights some fundamentals of fracturing, before moving into useful equations that are readily used to capture the 
productivity gains form a fracture. These are the fundamental equations of hydraulic fracturing, which have been discussed by 
McGuire and Sikora and Tinsely etal.  The paper then describes the factors to consider before deciding on a fracture stimulation. 
 
Conclusions Reached 
 
1. That in the 25 years of hydraulic fracturing, there have many recent advances which have improved fracture stimulation  
2. The production increase curves which are available allow the determination of fracture flow capacity and gives an idea 
of the necessary fracture extension.  
3. The most recent advance in fracturing has been the use of viscous fluids. 
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SPE 25890 (1994) 
 
Comparison Study of Hydraulic Fracturing Models—Test Case: GRI Staged Field Experiment No. 3 
 
Authors: N.R. Warpinski, Z.A. Moschovidis, C.D. Parker, I.S. Abou-Sayed 
 
 
Contribution  
Helped with coming to a conclusion on the type of fracture model to be used in this study. 
 
Objective of the paper   
The paper evaluates the relative performance of various fracturing models. It also provides guidance on selecting a suitable 
hydraulic fracture model by comparing available models in industry used by a range of Petroleum related companies. 
 
Methodology Used 
Creating runs on up to eight different cases and comparing 2D, pseudo-3D and 3D codes. Comparisons made on length, height, 
width, pressure and efficiency. Each case is tested for 2D, three layer and five layer case 
 
Conclusions Reached 
1. There are observed differences in the comparisons made between the GDK and PKN models. 
2. The effect of different rheology is generally small. 
3. The reduction in some of the lengths observed can be attributed to increased overpressure of the fracture tip.  
4. The 2D model follow a similar pattern of length but the GDK model give low pressures whilst the PKN models 
predict high net pressure 
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SPE 49128 (1998) 
 
Judy/Joanne Field Development 
 
Authors: K.Ashton, J.E. Sylte, L.K. Thomas, T.N. Dixon  
 
 
Contribution  
Thorough detail of the Judy field, its complex nature, information on the geological setting and the reservoir description of the 
field. How it is formed 
 
Objective of the paper   
Describe the development history of the complex Judy/Joanne fields and to provide an integrated reservoir modelling study of 
the J-block area. It also describes the production performance of Juy/Joanne reservoirs. 
 
Methodology Used 
A General-purpose simulator, run in the compositional mode has been used in the study. Three models constructed, one fore 
shallower gas condensate, one for a volatile oil and one for the deeper gas condensate/oil reservoir in the J-Block area. 
 
Conclusions Reached 
1. The Judy/Joanne reservoirs are highly compartmentalised 
2. The complexu interactions between the Judy/Joanne reservoirs go against common reservoir platform 
constraints 
3. The model methodology allows for other fields to be easily included in this model 
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SPE 62960 (2000) 
 
Well Test Analysis in Gas-Condensate Reservoirs 
 
Authors: A. C. Gringarten, A. Al-Lamki, S. Daungkaew, R. Mott,T. M. Whittle, Baker Hughes 
 
 
Contribution  
Understanding and making sense of well test analysis results obtain from work done. Provides a greater understanding about the 
mobility in the vicinity of the well and immediately. This changing mobility was applied in the model in  informationw after it 
helping in the construction of the model. 
 
Objective of the paper   
To show that well test in gas condensates, once pressure drops below dew point, can be explained by laboratory experiments, to 
have three different mobility zones around the wellbore.  
 
Methodology Used 
Simulations were performed using compositional simulator to verify the existence of three mobility zone. Field data was 
analysed after the simulations. 
 
Conclusions Reached 
1. Phase redistribution is a major problem in analysing data and reduces the amount od data available for analysis 
2. Some of the build-ups analysed seem to exhibit three mobility zones 
3. Results have to be considered with caution until more systematic evidence is available 
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Geological Society of London (2005) 
 
Judy Field: Rejuvenation through a second phase of drilling 
 
Authors: T.Keller, R. Bayes, H. Auld and M. Lines 
 
 
Contribution  
This paper allows the reader to gain a thorough understanding of the Judy field both geologically and in a broader perspective 
in realtion to timeliness of drilling, touching on both the Joanne and Judy sandstones. The paper gives a good account of the 
progression in success of the wells in the Judy field from first drilling to their redevelopment. 
 
Objective of the paper   
To characterise the Judy filed into four different facies from 11.  
 
Methodology Used 
Map reflectors below the base cretaceous unconformity 
The usage of geochemical, pressure and fault seal data allows the creation of a new charge model which would be more 
representative of the fluid type variations. 
 
Conclusions Reached 
1. The four faces identified have very complex structure making it difficult to  
2. The newer 3D seismic data acquired was successful in enhancing imaging of the pre-cretaceous reservoirs. 
3. Identified, in this process, crestal portions of the field which could benefit from infill drilling. 
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SPE 106359 (2006) 
 
Integrating Pressure Transient Analysis in Hydraulic Fracturing 
 
Authors: Zillur Rahim and Ismail Buhidma, Reservoir Management Department, Saudi Aramco, Dhahran 
 
 
Contribution  
Highlighted the importance of well test analysis in obtaining parameters pre and post hydraulic fracturing on a gas well. Shoed 
that PTA could be an integral aspect of hydraulic fracturing analysis. 
 
Objective of the paper   
To inform members that the best practice for obtaining reservoir parameters post hydraulic fracturing is through PTA (pressure 
transient analysis). To show that PTA should be used to improve well performance in the long run. 
 
Methodology Used 
Modified isochronal test (MIT) followed my production history match using PTS software SAPHIR. A rate dependant skin was 
also computed from the PTA data 
 
Conclusions Reached 
1. PTA are one of the better ways to assess  reservoir and fracture characteristics 
2. PTA should be used in conjunction with temperature log, radioactive tracers and pump pressure history 
3. In high CGR wells liquid dropout becomes more apparent once produced below the dew point. 
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Geological Society of London (2010) 
 
Predicting production behavior from deep HPHT Triassic reservoirs and the impact of sedimentary architecture on 
recovery 
 
Authors: S.Kape, O. Diaz De Souza, I. Bushnaq, M. Hayes and I. Turner 
 
 
Contribution  
Provides an understanding to the porosity and permeability relationships in the Triassic reservoirs in the Skagerrak formation 
and its importance on recovery factor. Results of pervious well test interpretation in the Judy and Joanne members. 
 
Objective of the paper   
This paper seeks to integrate production behaviour of the Judy/Joanne with sedimentology. It also shed light on the differences 
between the Judy and Joanne in terms of production behaviour, despite similar character on wireline logs.  
 
Methodology Used 
Static and dynamic model used to create sensitivities on fluid, porosity-depth trend and permeability of deep reservoirs 
 
Conclusions Reached 
1. The recovery factor at depth of the Joanne members is not as sensitive to porosity as it is to permeability, 
however the Judy member recovery factors at depth are porosity controlled  
2. Judy and Joanne have different have different characteristic reservoir production and well test behaviour 
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Appendix C ‒ Geology 
 
There are three main reservoir zones caused by a major unconformity at the base Cretaceous level. The upper reservoir is of a 
Paleocene chalk and Palaeocene sandstone; the lower reservoir consists of the pre-cretaceous Triassic/Jurassic sandstone in the 
Skaggarak formation. The deeper Triassic sands contain fluvial channel fill sandstone and sheet flood deposits which are 
interbedded with layers of marine claystone.  
 
The depositional environment of the Triassic formation is ephemeral fluvial whilst the Jurassic sections are considered to be 
shallow marine. The Joanne and Judy sandstone members comprise of four structurally complex facies; fluviatile channel 
sandstones, sheetflood sandstones, argillaceous sandstones and lacustrine mudstone. (T.Keller et al., 2005). 
 
   
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Triassic- Joanne 
member  
Figure C 1 ‒ Log data showing the lithology 
type in P-12 reservoir. Perforated intervals in 
the Triassic and Jurassic sections are shown 
Figure C 2 ‒ Stratigraphy and lithology of the P-12 
reservoir. The Triassic interval in the Joanne members is 
emphasised on the left hand side of the figure. 
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Joanne Fracture Data 
  
Figure C 4 ‒ Fracture orientation of Joanne 
members 
Direction of maximum horizontal stress from in-situ measurements. 
. 
Horizontal Stress equal in all drirections as found from in-situ measurement 
Direction of maximum horizontal stress inferred from earthquake focal plane solution 
Alpine fold belt 
Direction of maximum horizontal stress inferred from breakout analysis. 
 
Figure C 3 ‒ Orientation of maximum horizontal principal stress within Western Europe 
(based on Klein, 1982) 
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Appendix D ‒ P/Z and Well Test Analysis  
Production history of the p-12 well 
 
P/Z Plot 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pressure (psig) Cumulative production (BCF) Deviation factor (z) P/Z 
1000 4.5 0.94 1063.83 
1500 4.3 0.935 1604.29 
2000 4.1 0.905 2209.95 
2500 3.9 0.905 2762.43 
3000 3.7 0.91 3296.70 
3500 3.5 0.93 3763.44 
4000 3.3 0.96 4166.67 
4500 3.1 0.995 4522.61 
5000 2.9 1.04 4807.69 
5500 2.7 1.085 5069.12 
6000 2.5 1.14 5263.16 
6500 2.3 1.195 5439.33 
7000 2.1 1.25 5600.00 
7500 1.9 1.3 5769.23 
8000 1.7 1.355 5904.06 
8500 1.5 1.41 6028.37 
9000 1.3 1.46 6164.38 
9500 1.1 1.52 6250.00 
10000 0.9 1.58 6329.11 
10500 0.7 1.63 6441.72 
11000 0.5 1.69 6508.88 
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Figure D 1 ‒ Historical Rate Production of the P-12 well 
 
Table D 1 ‒ Values used to obtain the P/Z plots 
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Well Test Analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
Figure D 3 Log-log, Horner and skin simulation matches for the two cases 1996 and 2002 data tested 
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 Model
 Wellbore Storage and Skin (C and S)
 Radial Composite
 Channel Boundaries
 Results
 (pav)i  9973.699  psia
 pwf  3001.110  psia
 kh(1)  151.2  mD.ft
 k1  1.512  mD
 C  0.3359  bbl/psi
 S(w)  -4.67
 S(t)  -3.53
 r1  100  ft
 (pch)1/2  0.9013
 (kh/u)1/2  0.4334
 d1  76.1895  ft
 d3  297.347  ft
 Type d1  No Flow
 Type d3  No Flow
 Dinv  711  ft
 Dp(S)  -7750.7  psi
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Appendix E – Mechanistic and reservoir models 
Mechanistic modelling 
The main purpose of the mechanistic model is that it serves an input into the main reservoir simulator. It is also used in this case 
to obtain a history match on the gas and oil using the total volume obtained in the P/Z plot. It is a homogenous model using a 
single vertical well where the net pay comes from four layers. It makes no distinction between the larger reservoir and the smaller 
reservoir. Unlike the reservoir model, the mechanistic model assumes that the well is draining from one reservoir; the complex 
channel sand structure is not considered. The gas rate is the input control. For the pore volume input; it might be logical to use 
the larger volume of 28Bscf obtained from the P/Z plot (figure.4) because its result comes from a more recent pressure 
measurement. At this stage, in the first pass history match, it will make little difference which volume, within the range observed 
in figure 4 is chosen. It will be overwritten in the reservoir model to in accordance with what yields the best BHP match. A quick 
sensitivity on fracture half-length is performed using this model. The historical rate data is on a monthly rate from the year 2000 
to 2007.  
 
 
 
Sensitivity analysis on the effect of a single vertical fracture on the recovery factor of oil and gas combined. The analysis is run 
from the mechanistic model  
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Figure E 3 ‒ Sensitivity analysis based on the mechanistic model. Shows modest 
increase in recovery with increasing fracture half-length 
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Figure E 2 ‒ Mechanistic model, history match on the oil rate  Figure E 1 ‒ Mechanistic model, history match on the gas rate 
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Mechanistic model input parameters 
Data inputs to the mechanistic model consist of: relative permeability, Corey exponents, PVT data, separator conditions, 
component mol fractions. The historical production data used in the mechanistic model are shown in the table below table C3 
 
   Stage P (psia) T (oF) 
1 585 203 
2 175 176 
3 14.7 60 
 
         
 
 
 
 
 
 
 
 
 
 
Connate water, 𝑆𝑤𝑐 0.33 
Residual oil to water, 𝑆𝑜𝑟𝑤 0.10 
Residual oil to gas, 𝑆𝑜𝑟𝑔 0.14 
Critical gas, 𝑆𝑔𝑐  0.02 
   
End point relative permeability  
Oil rel-perm @ 𝑆𝑤𝑐, 𝑘𝑟𝑜𝑐𝑤 0.72 
Water rel-perm @ 𝑆𝑜𝑟𝑤, 𝑘𝑟𝑤𝑟𝑜 0.2 
Gas rel-perm @ 𝑆𝑜𝑟𝑔, 𝑘𝑟𝑔𝑟𝑜 0.68 
Water rel-perm @ 𝑆𝑤 = 100% 1 
   
Corey exponents  
Oil to water, 𝑛𝑜𝑤 2.7 
Water, 𝑛𝑤 2.8 
Oil to gas, 𝑛𝑜𝑔 2.8 
Gas, 𝑛𝑔 2.7 
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Table E 2 ‒ Rock properties of the reservoir 
Table E 1 ‒ Separator conditions used for the mechanistic model 
Figure E 4 ‒ Hydrocarbon components present 
in the fluid model 
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Date 𝑸𝒐 𝑸𝒈 𝑸𝒘 
𝒔𝒕𝒃
𝒅
 
𝑴𝒔𝒄𝒇
𝒅
 
𝒃𝒘
𝒅
 
31/10/2000 1628.44 11630 0 
30/11/2000 312.54 3050 0 
31/12/2000 322.57 3920 0 
31/01/2001 307.89 3550 0 
28/02/2001 255.98 2330 0 
31/03/2001 399.86 2970 0 
30/04/2001 320.49 2570 0 
31/05/2001 153.17 1140 0 
30/06/2001 257.56 1410 0 
31/07/2001 420.12 2840 0 
31/08/2001 273.19 1820 0 
30/09/2001 283.59 1670 0 
31/10/2001 300.67 2250 0 
30/11/2001 152.94 1100 0 
31/01/2002 272.94 630 0 
28/02/2002 401.11 460 0 
30/04/2002 187.74 3380 0 
31/05/2002 607.71 550 0 
31/07/2002 551.75 2810 0 
31/08/2002 512.07 1730 0 
30/09/2002 402.81 1210 0 
31/10/2002 374.94 1150 0 
30/11/2002 324.01 890 0 
31/12/2002 329.29 940 0 
31/01/2003 296.63 860 0 
28/02/2003 278.12 780 0 
31/03/2003 266.06 770 0 
30/04/2003 210.35 1240 0 
31/05/2003 124.10 690 0 
30/06/2003 40.69 220 0 
31/07/2003 220.39 1190 0 
31/08/2003 165.22 950 0 
30/09/2003 37.23 200 0 
31/10/2003 205.78 1120 0 
30/11/2003 90.17 480 0 
31/12/2003 108.59 370 0 
31/01/2004 99.32 360 0 
29/02/2004 246.64 1480 0 
31/03/2004 247.73 1520 0 
30/04/2004 382.53 2440 0 
31/05/2004 180.67 1100 0 
30/06/2004 191.37 1080 0 
31/07/2004 232.45 1290 0 
31/08/2004 248.32 1580 0 
30/09/2004 224.00 1390 0 
31/10/2004 154.24 960 0 
30/11/2004 238.33 1390 0 
31/12/2004 189.58 1120 0 
31/01/2005 250.25 1530 0 
28/02/2005 145.60 830 0 
31/03/2005 222.81 1340 0 
30/04/2005 175.87 1050 0 
31/05/2005 183.47 1110 0 
30/06/2005 157.08 960 0 
31/07/2005 190.88 1180 0 
31/08/2005 191.26 1180 0 
30/09/2005 207.60 1310 0 
31/10/2005 192.02 1130 0 
30/11/2005 416.40 2320 0 
31/12/2005 188.12 750 0 
Table E 3 ‒ Input parameters to mechanistic model 
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31/01/2006 263.75 1100 0 
28/02/2006 223.08 1030 0 
31/03/2006 215.84 1120 0 
30/04/2006 141.11 700 0 
31/05/2006 344.27 1720 0 
30/06/2006 192.82 990 0 
31/07/2006 184.26 1030 0 
31/08/2006 124.75 890 0 
30/09/2006 250.77 1410 0 
31/10/2006 207.62 1120 0 
30/11/2006 233.48 1180 0 
31/12/2006 231.66 1170 0 
31/01/2007 375.73 2160 0 
28/02/2007 324.79 1740 0 
31/03/2007 280.33 1550 0 
30/04/2007 296.05 1640 0 
31/05/2007 223.09 1210 0 
30/06/2007 76.56 450 0 
31/07/2007 0 0 0 
 
Reservoir Model 
History match appendix 
The production rate, of the p-12 well, in the year 2000 was the first flow period which produced for a significant amount of time. 
There has been previous flow in 1996, but was not significant as it only produced for four days.  
Scenario 2 ‒ Composite single tank model 
The following figures show the sensitivity run on permeability and its effect on the BHP match. The sensitivities were run on 
regions 1 and 3 figure. The purpose of this sensitivity is to attempt to obtain a match based on the results of PTA and literature. 
Here, the gas condensate saturation is taken into account and the composite system found in PTA is replicated with decreasing 
permeability away from the wellbore. The closest match is found to be 3.5mD 
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Figure E 5 ‒ The results of the permeability sensitivity analysis for region 1. A closer match is attained when the 
permeability of region 1 is brought to 3.5 mD. 
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Building on the results of the sensitivity seen above, we attempt to change the permeability of region 3 (furthest from the 
wellbore) to get an even closer match. 
 
 
 
 
 
 
 
 
 
 
 
 
Porosity-permeability 
This data comes from cores obtained from wireline data 
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Figure E 7 ‒ Porosity permeability relation used in the upscaling of the reservoir model 
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Figure 13 : The results of the permeability sensitivity analysis for region 1. The closest match 
obtained uses a permeability of 3mD.  
Figure E 6 ‒ The results of the permeability sensitivity analysis for region 3. A closer match is attained when the 
permeability of region 3 is brought to 0.2 mD 
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Layer Layer Thickness (feet) Porosity (%) 𝑲𝒉 (mD) 
𝒌𝒗
𝒌𝒉
 Ratio 
1 2 1.91 0.0019 0.1 
2 18 16.04014 2.726924 0.1 
3 6 12.65571 0.419686 0.1 
4 6 17.56214 4.130471 0.1 
5 17 4.970263 0.031711 0.1 
6 9 18.124 5.19576 0.1 
7 11 1.569583 0.006533 0.1 
8 45 15.86163 2.48392 0.1 
9 47 4.273039 0.034249 0.1 
10 22 16.43438 3.676438 0.1 
11 19 9.68 0.155481 0.1 
12 26 17.16207 4.164538 0.1 
13 5 10.26083 0.228 0.1 
14 15 4.803 0.0301 0.1 
15 5 14.79833 1.119967 0.1 
16 2 4.636667 0.008633 0.1 
17 3 13.5675 0.534675 0.1 
18 2 9.15 0.066033 0.1 
19 10 17.68136 4.028345 0.1 
20 3 6.48875 0.033725 0.1 
21 10 16.80542 6.316667 0.1 
22 10 7.17 0.0724 0.1 
23 7 16.38667 3.07968 0.1 
 
 
 
 
 
 
 
 
 
Grid1 Grid 2 Grid 3 
Dimensions (ft) Dimensions (ft) Dimensions (ft) 
33x33 16.5x16.5 4.125x4.125 
100x33 16.5x50 4.125x12.5 
100x100 50x50 12.5x12.5 
  100x50 100x12.5 
  100x16.5 100x4.25 
  100x100 100x100 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Dimensions x-dir y-dir z-dir 
Mechanistic 
Model 
length (ft) 2640 2640 215 
grid cells 9 9 4 
total number of grid cells 324 
Reservoir 
model 
length (ft) 2100 2100 300 
grid cells 27 27 23 
total number of grid cells      16767 
Table E 5 ‒ Comparison of reservoir model dimensions 
Table E 4 ‒ Reservoir model Input properties 
Table E 6 ‒ Comparison of reservoir model dimensions 
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Appendix F 
Boundary length analysis 
 
                   
 
             
             
    
        
 
 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Area (ft)  Length Height GIIP mmscf 
Rectangle 49005 490.05 100 
360-500 
  
  
  
  
Triangle (Isosceles) 49005 217.80 450 
Triangle (equilateral) 49005 336.41  - 
Square 49005 221.37  -  
Circle 49005 124.90  - 
Area of Circle  𝐴 = 𝜋𝑟2…………………………………………………………………………..……………………..….….(5)                                                                                                                                                                                      
Rearrange for length, a, gives  𝑟 = √
𝐴
𝜋
= 125𝑓𝑡           
 
Area of Square  𝐴 = 𝑙2…………………………………………………………………………..………………………….....(4)                                                                                                                                                                                      
Rearrange for length, a, gives  𝑙 = √𝐴 
 
Area of Isosceles triangle 𝐴 = (
𝑙
2
) ∙ ℎ…………………………………………………………………………..………..…….(3)                                                                                                                                                                                      
Rearrange for length, a, gives  𝑙 = (
𝐴
ℎ
) ∙ 2 = ((
49005
450
) ∙ 2) = 218𝑓𝑡               
 
Area of Rectangle  𝐴 = 𝑙 ∙ ℎ…………………………………………………………………………..………………………(2)                                                                                                                                                                                      
Rearrange for length, a, gives  𝑙 =
𝐴
ℎ
=
49005
100
= 490.05𝑓𝑡       
Area of equilateral triangle   𝐴 = √
3
4
∙ 𝑙2…………………………………………………………………………..…………(1)                                                                                        
Rearrange for length, l, gives  𝑙 = √
𝐴×4
√3
= √
49005×4
√3
= 336.42 𝑓𝑡              
 
Table F 1 ‒ Dimensions of the shapes used in the study 
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Appendix G 
Hydraulic Fracture 
Output results from the fracture simulator GOHFER. Each grid in represents 20ft in length and 10ft in height. The half fracture 
length, width and height of the profile is shown in the figure below. Note that the proppant concentration continues much past 
the fracture half-length up to approximately 940ft. This is because the pressure greatly increases once the fracture begins to  
protrude past the smaller reservoir and so the fracture half-length suffers in comparison. 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effective Conductivity (mD.ft) 
Proppant Concentration ( 
𝒍𝒃
𝒇𝒕𝟐
) 
 
Fracture Width (inches) 
 
Figure G 1 b) ‒ The approximate 
fracture half-lengths obtained after 
simulation. The effective 
conductivity shows a range 
produced between (90 to 400) mD. 
These are shown as concentrations 
of colours 
Figure G 1 c) ‒ Proppant 
concentration shown in different 
colours, showing greatest 
concentration in the first 350ft 
Figure G 1 a) ‒ Illustration of the 
width variation simulated. 
Maximum width achieved is 0.9in. 
Figure G 2 ‒ In-situ stress 
direction of the CNS, as proven 
by Klein, (1986). 
